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Summary 
The water gas shift reaction has been run at high temperature in a packed bed reactor with a nickel 
catalyst. The outlet was analyzed by gas chromatography. Gas phase reaction and diffusion 
limitations appeared to be significant problems for a kinetic study. Rate expressions for different 
mechanisms have been given in order to find a coherent pathway for the water gas shift reaction 
over nickel. From the reaction orders of hydrogen and carbon monoxide it was concluded that the 
redox mechanism was valid at high temperature over nickel with the carbon dioxide formation as the 
rate determining step. Moreover effect of the diffusion was highlighted by the comparison of the 
apparent activation energy under chemical and diffusion control. The addition of cobalt in the 
catalyst showed a better selectivity for the water gas shift reaction. 
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Introduction 
Hydrogen production is an important step in many industrial processes (ammonia production, 
methanol production, sulfur removal in oil refineries), and it is becoming more significant in an 
energy context because of the application of hydrogen as an energy carrier, for example in fuel cells. 
Currently the most common way to produce hydrogen is the steam reforming of natural gas, but 
other ways are known and studied, such as electrolysis of water, biomass gasification or 
photocatalysis. 
The steam reforming is currently the least expensive method and the most used.  
               
This reaction is endothermic (ΔH=206 kJ.mol-1) and occurs at high temperature (600°C-1000°C) on a 
nickel-based catalyst. It is followed by the water gas shift reaction to convert the carbon monoxide 
produced into more hydrogen. 
                  
This exothermic reaction (ΔH=-41 kJ.mol-1) is used in two stages, first at high temperature (310°C-
450°C) and then at lower temperature (210°C-250°C). 
The object of this study is the high temperature shift on a nickel catalyst. 
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I.LITERATURE REVIEW 
As the water gas shift reaction is important in the industry and is used for more than 50 years, it has 
been the subject of many articles and chapters in books from the beginning of its industrial use [1-7]. 
The recent concerns about clean energy and hydrogen production have led to a renewed interest in 
the water gas shift reaction over the past few years. The water gas shift reaction for fuel cells 
applications is now studied [8] in addition to the traditional use of this reaction (ammonia and 
methanol production). 
The publications can be divided into two types of studies: those about composition and structure of 
the catalysts for water gas shift reaction, and those about the kinetics and mechanism of the water 
gas shift reaction. Both subjects have been studied a lot, so a wide range of data is available for 
different catalysts, and at different conditions. Despite the large number of studies concerning the 
mechanism of the water gas shift reaction, there is no consensus about it and the kinetics and the 
mechanisms are still discussed. 
I.1.Thermodynamics 
The water gas shift reaction is equilibrated. Its equilibrium constant can be expressed like this: 
  
       
       
. 
The effect of the temperature is given by:       
      
 
       [Moe (1962)]. 
 
Figure 1: Effect of the temperature on the equilibrium constant of the WGSR 
The equilibrium constant decreases as the temperature increases. So the reaction is 
thermodynamically favored at low temperatures and kinetically favored at high temperatures. The 
solution is to use a catalyst, which will allow working at lower temperature for the same conversion. 
It is useful to note that the pressure doesn’t influence the equilibrium since there is no variation in 
the gas number of mole during the reaction. 
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I.2.Industrial use 
The water gas shift reaction is used extensively in the industry to produce hydrogen with high purity 
like in the ammonia synthesis process. It is also used to remove CO like in fuel cells. 
I.2.1.Haber-Bosch process 
 
Figure 2: Haber-Bosch process for ammonia synthesis 
Ammonia synthesis in the industry is performed by the Haber-Bosch process, named based on its 
inventors. The ammonia synthesis process consists in the reaction of nitrogen with hydrogen to form 
ammonia over an iron catalyst: 
            
The Haber-Bosch process needs large quantities of hydrogen that is provided by steam reforming. 
I.2.2.Steam reforming 
 
Figure 3: Steam methane reforming process 
Hydrogen is mainly produced by steam reforming of natural gas, i.e. methane, hydrocarbons like 
propane or butane: 
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The next step is the water gas shift reaction to convert the carbon monoxide into carbon dioxide and 
more hydrogen. It is performed in two consecutive reactors, the first at high temperature and the 
second at low temperature. Adiabatic fixed bed reactors are used in both steps. The first stage is 
called high temperature shift and is run over Fe2O3/Cr2O3 at temperatures between 310°C and 450°C. 
This allows a quick conversion but due to the thermodynamics the conversion reached is not high. 
The second stage, the low temperature shift, is at temperature around 200°C over CuO-ZnO/Al2O3 
and it converts the remaining CO of the exit of the HTS since the equilibrium conversion is higher for 
low temperatures. 
 
Figure 4: The two stages of the water gas shift reaction 
A CO2 and a CO removal unit are often placed after the WATER GAS SHIFT REACTION in order to 
purify the hydrogen before using it for synthesis. Carbon dioxide can be removed by absorption or 
adsorption and then catalytic methanation is used to remove the residual traces of CO and CO2: 
               
                 
Moreover since the catalysts present in the process are sensitive to sulfur poisoning, a 
desulfurization step is placed upstream. It consists in converting sulfur compounds into gaseous 
hydrogen sulfide: 
             
Then hydrogen sulfide is converted into zinc sulfide by passing through zinc oxide: 
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I.2.3.Sorption enhanced steam methane reforming 
As seen before, two steps are required because of the thermodynamic limitation. A solution to 
overcome it is to use a sorption enhanced process. In the sorption enhanced water gas shift reaction, 
CO2 is removed from the effluent by a sorbent such as CaO [9]. 
 
Figure 5: principle of the SEWGSR 
The equilibrium is therefore shifted towards the production of hydrogen, increasing the conversion 
of CO. There are several benefits to use sorption enhanced water gas shift reaction, first of all the 
reaction can be performed in only one stage rather than two, a lower H2O/CO ratio can be used and 
the temperature can be higher, improving the kinetics. Therefore the amount of catalyst for the 
water gas shift reaction, which usually represents the larger volume in the process, can be lower. 
Membranes can also be used to remove one of the products by allowing a species to go through it 
and not the others, and they can also be a part of the catalytic active surface. In the case of H2 
permeation, hydrogen with high purity is produced. [10,11]. Pd membranes show good results 
compared to ceramic mesoporous membranes [12], microporous membranes are also studied. 
 
Table 1: comparison of different membranes 
I.2.4.Fuel cells 
A PEM fuel cell (Proton Exchange Membrane fuel cell) is a promising device for power generation 
from hydrogen. It converts the chemical energy into electrical energy by reverse electrolysis. 
Hydrogen is dissociated on the anode into protons and electrons and the protons go through the 
membrane whereas the electrons are conducted in an external circuit. Oxygen then reacts with 
protons and electrons to form water on the cathode. 
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Figure 6: Principle of a hydrogen fuel cell 
The purity of hydrogen is crucial for fuel cell applications since the Pt anode is highly contaminated 
by CO, as shown on Table 2 [13]: 
 
Table 2: Hydrogen fuel quality specification for PEM fuel cells 
The usual composition of the fuel resulting of methanol reforming is 74% H2, 25%CO2 and 1-2%CO 
[14]. The presence of high concentration of carbon dioxide can lead to reverse water gas shift 
reaction inside of the fuel cell, leading to a CO equilibrium concentration of 20-100ppm [15]  
CO tolerant electrodes are investigated in order to overcome these difficulties [16, 17]. 
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I.3.Kinetics and mechanism 
I.3.1.Micro kinetic models 
Two types of mechanisms have been highlighted in the literature: the redox mechanism and the 
associative mechanism. 
Redox mechanism Associative mechanism 
CO + * ↔ CO* CO + * ↔ CO* 
H2O + * ↔ H2O* H2O + * ↔ H2O* 
H2O* + * ↔ OH* + H* H2O* + * ↔ OH* + H* 
OH* + * ↔ O* + H* CO* + OH* ↔ COOH* + * 
CO* + O* ↔ CO2* + * COOH* + * ↔ H* + CO2* 
CO2* ↔ CO2 + * CO2* ↔ CO2 + * 
2H* ↔ H2 + 2* 2H* ↔ H2 + 2* 
Table 3: Redox and associative mechanism. The different steps between the mechanisms are bold. * 
is a vacant site and X* is the adsorbed X species 
It is accepted that the redox mechanism describes well the high temperature shift over ferrochrome 
catalysts, but there are still discussions about the mechanism of the low temperature shift, both 
redox and associative have been used in the literature. Some variations of these mechanisms have 
been proposed, including other elementary steps. For example, Callaghan et al. have developed a 
complex micro kinetic model for LTS over Cu(111) based on 17 elementary steps [18]. 
 
Table 4: Microkinetic model for WGSR over Cu(111) 
Moreover the intermediate in the associative mechanism is not well identified yet, some studies 
report that formate (HCOO) is the intermediate, but recent studies tend to prove that carboxyl is 
more probable. 
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I.3.2.Reaction orders 
Several kinetic expressions have been published such as the Langmuir-Hinshelwood model, but the 
most useful expression to describe the kinetic law of the water gas shift reaction is the power law 
model:  
      
       
        
       
         
With    
       
        
, the approach to equilibrium 
         
   
  
 , k0 the pre exponential factor and Ea the activation energy 
Many kinetic studies have been done to obtain reaction orders and activation energies for the water 
gas shift reaction over different catalysts and different conditions. Table 5 summarizes the most 
relevant results of the literature: 
 
Table 5: Reaction orders and activation energy for different catalysts and conditions 
It shows that the kinetic of the water gas shift reaction is complex, and the mechanism might be 
different depending on the type of catalyst, its composition or the temperature. 
The reaction order of CO2 is always found negative in these studies but it is not explained by most of 
the mechanisms, including the redox mechanism. 
I.3.3.DFT calculations 
The Density Functional Theory has been used by several authors to try to find the mechanism over 
different catalysts. 
Gokhale et al. concluded that the redox mechanism plays no significant role on the water gas shift 
reaction over Cu(111). Moreover they proposed that formate is only a spectator species, resulting of 
the reaction between adsorbed CO2 and H. This may explain the negative reaction order of CO2, badly 
explained by most of the kinetic laws coming from these mechanisms [25]. 
DFT calculations were also used with copper and gold nanoparticles [26] The activity was found 
decreasing as follows: Cu29>Cu(100)>Au29>Au(100). They concluded that the redox mechanism is 
preferred on Cu(100) whereas the associative mechanism is preferred for the others. The water 
dissociation was nevertheless identified as the rate determining step for all of these catalysts. 
Activation energy
(kJ/mol) CO H2O CO2 H2
8% CuO–Al2O3 200 62 0.9 0.8 -0.7 -0.8
8% CuO–15%CeO2–Al2O3 200 32 0.7 0.6 -0.6 -0.6
8% CuO–CeO2 240 56 0.9 0.4 -0.6 -0.6
40% CuO–ZnO–Al2O3 190 79 0.8 0.8 -0.9 -0.9
Cu(111) 340 71 0 0.5–1 – – [19]
Cu(110) 340 42 0 1 – – [20]
1% Pt/CeO2 150–400 91 ± 5 0.14 ± 0.04 0.66 ± 0.14 -0.08 ± 0.03  -0.54 ± 0.03 
1% Pt/TiO2 150–400 59 ± 3 0.30 ± 0.05 0.85 ± 0.10 -0.00 ± 0.03 -0.67 ± 0.03
80-90%Fe2O3, 8-13% Cr2O3, 1-2%CuO 450 111 1 0 -0.36 -0.09
80-95%Fe2O3, 5-10% Cr2O3, 1-5%CuO 450 88 0.9 0.31 -0.156 -0.05
1%Pt/ Al2O3 225-285 68 0.1 1.1 -0.07 -0.44
1%Pt/ Al2O3 285-345 84 0.06 1 -0.09 -0.44
2%Pt/ Al2O3 270 82 0.21 0.75 - -
0.4%Pt/ Al2O3 544 39 0.45 0.37 0 -0.73
Au/CeO2 180 40  ± 2 1 1 -0.5 -0.7 [24]
[21]
[22]
[23]
Reaction order
Catalyst Temperature (°C) Reference
[8]
13 
 
Due to its sulfur tolerance, MoS2 was also studied by DFT, with the conclusion that the reaction is 
through the redox mechanism, and that HCOO, formed by CO2 and H, reacts further to form H2COO 
and then CH2O and O [27]. The effect of Co as a promoter on a Co-MoS2 catalyst has been studied 
too. It was concluded that the redox mechanism was preferable compared to the associative 
mechanism, with the dissociation of OH into O and H. Formate is formed as an intermediate species. 
The effect of cobalt is to create more active sites and to increase the reaction rate [28]. 
I.3.4.Catalysts 
Additionally to the industrial catalysts (ferrochrome and CuO/ZnO), other types of catalysts have 
been studied for different goals: improvement with promoters, better resistance to deactivation or 
to poisoning, better activity or selectivity. 
I.3.4.1.High temperature shift catalysts 
The typical composition of the ferrochrome catalyst is Fe2O3, about 10% Cr2O3 and CuO [22]. This 
catalyst is very active in the range of temperature of the HTS (310°C-450°C) but not at lower 
temperatures. 
This catalyst needs to be activated before startup. The hematite is reduced to magnetite using the 
process gas. Cr2O3 is also reduced to CrO3. 
                     
                     
And: 
                    
                   
This step is carefully controlled to avoid over-reduction that can cause damage to the catalyst pellets. 
Rhodes et al. (1995) proposed to control the reduction using a reduction factor for the reactor feed: 
  
         
           
 
This factor should be less than 1.2, and severe over-reduction is observed for R>1.6 [29]. 
Many studies have been carried out to improve the performances of the HTS catalyst. Diverse 
compositions of the ferrochrome catalyst have been tested, but different materials like noble metals 
were considered too. 
I.3.4.1.1.Deactivation 
Cr2O3 is used as a support to prevent sintering, which is the first cause of deactivation. 
The second cause of deactivation after sintering is sulfur poisoning. It has been found that even at 
low concentrations (11-35 ppm), H2S affects the reaction rate with a negative reaction order (-0.30) 
[30]. A desulphurization unit must therefore be placed before the water gas shift reactors. It is even 
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more important in the case of sorption enhanced water gas shift reaction because the membrane 
can also be poisoned by sulfur, or H2S can be co-adsorbed with CO2 by the sorbent. 
I.3.4.1.2.Promoters 
In order to improve the performances of the HTS catalyst, addition of promoters to FeCr have been 
analyzed. Catalysts containing 2% of different promoters have been tested by Rhodes et al., with the 
conclusion that the activity is changed according to Hg>Ag,Ba>Cu>Pb>unpromoted>B [31]. 
 
Figure 7: Effect of temperature on CO conversion on modified Fe3O4/Cr2O3 catalysts 
The mechanism doesn’t seem to change with the addition of copper, indicating that the active sites 
are similar [32]. 
Nanocrystalline ferrospinel structures have also been investigated, in order to study the role of Cu as 
a codopant for these materials (Fe:M with M=Cr, Ce, Ni, Co, Mn, Zn). It was concluded that copper 
plays a role in the conversion of hematite into magnetite, and into wustite in the case of cerium, 
which decrease the activity of the catalyst [33]. 
I.3.4.1.3.Cr-free catalysts 
Chromium and more particularly its hexavalent form, is toxic for humans and environment. There 
have been some studies to propose HTS catalysts without Cr, especially for fuel cell applications. 
Aluminium, associated with copper, was found to be a good textural promoter for iron. Ga and Mn 
were also tested but showed poor results. [34]. 
 
Table 6: BET surface measurements and % CO conversion over Fe-based catalysts with different 
textural promoters 
Cu was the most effective promoter compared to Zn and Co in this FeAl catalyst, and the preparation 
method plays a significant role in the activity of the catalyst. 
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Table 7: BET surface area measurements and % CO conversion over Fe-Al catalysts: affect of 
structural promoters 
ZnFeNi and CoFeNi catalysts were investigated and 5%Zn/Fe/20%Ni and 5%Co/Fe/20%Ni revealed to 
be more active than a commercial FeCr catalyst [35]. 
 
Figure 8: CO conversions of commercial and prepared three component catalysts at 400°C as a 
function of time 
I.3.4.1.4.Ni-based catalysts 
Ni based catalysts have been investigated recently as an alternative for the water gas shift reaction. 
This catalyst needs a pretreatment and is also active for methanation [36]. It has been shown that 
the impregnation of a Ni catalyst with K increases the activity and the selectivity with regards to the 
methanation, and prevents the carbon deposition [37]. 
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Figure 9: Comparison of three different catalysts for WGS reaction at 350°C and GHSV of 4000 h-1. 
Gray bar: CO conversion (%); dark gray bar: H2 production (%); black bar: CH4 production; black dot: 
carbon balance (-) 
The kinetics of the water gas shift reaction and of steam reforming and methanation over nickel have 
been studied by Xu and Froment [38]. They obtained thermodynamic values (activation energy, rate 
coefficient, enthalpy, adsorption constants…) for the three reactions. For the water gas shift reaction: 
   
          
     
       
        
 
                              
    
   
 
 
With: 
               
         
  
                
             
I.3.4.2.Low temperature shift catalysts 
CuO-ZnO was used in the early 1960’s. Then Al2O3 was added as a support to reduce deactivation of 
the catalyst by sintering. CuO-ZnO/Al2O3 is the most used in the industry for the LTS, with 33%CuO, 
34%ZnO, 33%Al2O3 as a typical composition. This catalyst is highly sensitive to sulphur poisoning, 
more than the ferrochrome catalyst. 
The reduction of copper occurs during the startup: 
               
I.3.4.2.1.Deactivation 
The first cause of deactivation of the LTS catalyst is sintering. Indeed, copper has a low melting 
temperature and sintering occurs if the catalyst is heated above 300°C. 
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Figure 10: Deactivation of low temperature catalysts 
The second cause of deactivation is sulfur poisoning. To avoid rapid deactivation by sulfur, 
concentration of S must be below 0.1ppm. The reaction is: 
                          
               
ZnO helps to limit sulfur poisoning by absorption of H2S: 
                          
               
Its equilibrium constant at 500K is 7.4.107, so the reaction is favored thermodynamically. 
Chlorides are also a problem for this catalyst by accelerating the sintering because of the formation 
of compounds with low melting point [39]: 
            
 
 
             
               
                             
                
I.3.4.2.2.Ceria-based catalysts 
Ceria is a component of the three way catalyst for cars, one of its function is the WGS activity. A 
series of ceria-supported catalysts have been tested, and it was found that the activity decreased as: 
CuO/ZnO/Al2O3>Pd/Ce,Ni/Ce>Fe/Ce,Co/Ce>CeO2>Pd/silica [40]. 
18 
 
 
Figure 11: comparison of different Ce-based catalysts 
It was also concluded that the redox mechanism represents well the kinetics of the water gas shift 
reaction over Ce. Cu and Ni improve the activity of Ce(La)Ox catalyst. Cu-Ce keeps its high activity and 
stability at high temperature and requires no activation before use [41]. 
 
Figure 12: WGS reactivity over ceria-based catalysts, 2%CO, 10.7%H2O, He; Solid lines 
SV=80000/h;Dashed line SV=8000/h  
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I.3.4.3.Noble metals 
Noble metals have been tested for this reaction by Grenoble et al. [42]. Among them, it may be 
noted that Pt and Au are the most promising catalysts, especially for fuel cells since these materials 
are non pyrophoric and do not need pretreatment before use. 
I.3.4.3.1.Platinum based catalysts 
Platinum catalysts are known to be very active for the water gas shift reaction but were not studied 
because they are expensive. The possible use in fuel cell has however led to a renewed interest for 
noble metals catalysts, especially for platinum. 
The redox mechanism has been proposed for Pt-Al2O3 and Pt/CeO2 [23, 43], but dual-site mechanism 
may be better to take into account the effect of the support [21]: 
 
* is a metallic site and S–O is an adsorption site on the support. 
The water gas shift reaction has been tested over Pt-based catalysts deposited on different surfaces. 
Among several supports, ceria and titanium are the most promising materials. Enhancement of these 
supports has been studied: the Pt/CeO2 catalyst can be improved by addition of zirconia, Pt/ZrO2 is 
itself not really active for the water gas shift reaction [43]. 
 
Table 8: Comparison of Pt-based catalysts 
Pt/Ce-TiO2 shows a good activity and is moreover is stable at high temperature whereas Pt/TiO2 is 
not [44]. 
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Figure 13: Comparison between ( )Pt/CeO2, ( )Pt/TiO2, ( ) Pt/Ce-TiO2. Dotted line shows the 
thermodynamic equilibrium 
I.3.4.3.2.Gold catalysts 
Gold catalysts have been studied at low temperature using DFT and X-ray absorption spectroscopy. 
The activity of different Au-based catalysts can be compared: Au(111) has a low activity compared to 
the other low temperature catalyst, especially to Cu (100). Gold has a better activity when associated 
to metal oxides such as CeO2, ZnO [45], TiO2 [46] or MoO2 [47]. Among these catalysts, Au/ZnO is not 
as active as the industrial catalyst Cu/ZnO but the others have a similar activity. Moreover the 
coupling of CeO2 and TiO2 appeared to be very active [48]. 
 
Figures 14: Comparison between Au-supported catalysts and Cu catalysts 
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I.4.Methanation 
Methanation needs to be studied because it occurs in the same time as the water gas shift reaction, 
especially on nickel catalysts [36,37]. Its conversion is low but it has an influence on the mass 
balances, moreover the kinetics of this reaction could be discussed as well from the results of the 
experiments. 
A microkinetic model has been proposed by Alstrup [50]. Alstrup neglected the formation of CO2, 
considering only the formation of H2O: 
(1) CO + * ↔ CO* 
(2) H2 + 2* ↔ H2* 
(3) CO* + * ↔ C* + O* 
(4) C* + H* ↔ CH* + * 
(5) CH* + H* ↔ CH2* + * 
(6) CH2* + H* ↔ CH3* + * 
(7) CH3* + H* → CH4 + 2* 
(8) O* + H*→ OH* + * 
(9) OH* + H*→ H2O* + * 
  Good agreement with experiments was found by considering hydrogenation of CH* (step 7) as the 
rate determining step. 
However the direct dissociation of CO on Fe and Co catalysts has been found to be a minor 
contributor to the CH formation [51]. A H-assisted dissociation, with formation of formyl and 
hydroxymethylene intermediates and CO2 as a product, was then proposed: 
(1) CO + * ↔ CO* 
(2) H2 + 2* ↔ H2* 
(6) CO* + H* ↔ HCO* + * 
(7) HCO* + H* ↔ HCOH* + * 
(8) HCOH* + * ↔ CH* + OH* 
(9) OH* + H*↔ H2O* + * 
(10) CH* + H* ↔ CH2* + * 
(11) CH2* + H* ↔ CH3* + * 
(12) CH3* + H* ↔ CH4 + 2* 
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II.Langmuir-Hinshelwood model 
In addition to the traditional redox and associative mechanisms, mechanisms involving COH as an 
intermediate species were investigated. The rate expressions were obtained based on one rate 
determining step and the others at equilibrium. 
For all the following expressions, ki is the rate constant of the step (i),   
  
   
.and   
       
        
. 
 
II.1.Redox mechanism 
(1) CO + * ↔ CO* 
(2) H2O + * ↔ H2O* 
(3) H2O* + * ↔ OH* + H* 
(4) OH* + * ↔ O* + H* 
(5) CO* + O* ↔ CO2* + * 
(6) CO2* ↔ CO2 + * 
(7) 2H* ↔ H2 + 2* 
 
If step 3 (water dissociation) is the rate determining step: 
   
             
                
    
  
  
   
  
 
 
      
    
   
 
 
           
        
   
  
 
If step 4 (OH dissociation) is the rate determining step: 
   
                
         
                
    
  
  
   
  
 
 
      
    
   
        
    
    
  
 
If step 5 (CO2 formation) is the rate determining step: 
   
  
    
          
       
                
    
  
  
   
  
         
    
   
        
    
    
  
 
II.2.Carboxyl mechanism 
(1) CO + * ↔ CO* 
(2) H2O + * ↔ H2O* 
(3) H2O* + * ↔ OH* + H* 
(4’) CO* + OH* ↔ COOH* + * 
(5’) COOH* + * ↔ H* + CO2* 
(6) CO2* ↔ CO2 + * 
(7) 2H* ↔ H2 + 2* 
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If step 3 (water dissociation) is the rate determining step: 
   
             
                
    
  
  
   
  
 
 
       
         
 
           
        
   
  
 
If step 4’ (COOH formation) is the rate determining step: 
    
                     
         
                
    
  
  
   
  
 
 
       
                
    
    
  
 
If step 5’ (COOH dissociation) is the rate determining step: 
    
                       
         
                
    
  
  
   
  
            
       
    
        
    
    
  
 
II.3.Mechanism involving COH 
(1) CO + * ↔ CO* 
(2) H2O + * ↔ H2O* 
(3) H2O* + * ↔ OH* + H* 
(4) OH* + * ↔ O* + H* 
(α) CO* + H* ↔ COH* + * 
(β) COH* + O* ↔ COOH* + * 
(γ) COOH* + * ↔ H* + CO2* 
(6) CO2* ↔ CO2 + * 
(7) 2H* ↔ H2 + 2* 
 
If step 4 (OH dissociation) is the rate determining step: 
   
                
         
                
    
  
  
   
  
 
 
          
    
   
        
    
    
 
    
   
        
 
       
         
 
 
If step α (COH formation) is the rate determining step: 
   
  
  
   
      
        
                
    
  
  
   
  
         
    
   
        
    
    
 
 
                 
           
    
 
 
       
         
  
If step β (COOH formation) is the rate determining step: 
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If step γ (COOH dissociation) is the rate determining step: 
   
                         
         
                
    
  
  
   
  
         
    
   
        
    
    
 
    
   
                                 
 
 
II.4.Mechanism involving COH and HCOOH 
(1) CO + * ↔ CO* 
(2) H2O + * ↔ H2O* 
(3) H2O* + * ↔ OH* + H* 
(α’) CO* + H* ↔ COH* + * 
(β’) COH* + OH* ↔ HCOOH* + * 
(γ’) HCOOH* + 2* ↔ CO2* + 2H* 
(6) CO2* ↔ CO2 + * 
(7) 2H* ↔ H2 + 2* 
 
If step α’ (COH formation) is the rate determining step: 
    
  
  
   
      
        
                
    
  
  
   
  
        
    
    
 
 
      
        
 
             
           
    
  
 
If step β’ (HCOOH formation) is the rate determining step: 
    
                      
                
    
  
  
   
  
        
    
    
  
      
        
    
   
        
 
 
If step γ’ (HCOOH dissociation) is the rate determining step: 
    
                           
                
    
  
  
   
  
        
    
    
                   
    
   
        
 
 
II.5.Summary 
 
Redox mechanism Associative mechanism 
(1) CO + * ↔ CO* (1) CO + * ↔ CO* 
(2) H2O + * ↔ H2O* (2) H2O + * ↔ H2O* 
(3) H2O* + * ↔ OH* + H* (3) H2O* + * ↔ OH* + H* 
(4) OH* + * ↔ O* + H* (4’) CO* + OH* ↔ COOH* + * 
(5) CO* + O* ↔ CO2* + * (5’) COOH* + * ↔ H* + CO2* 
(6) CO2* ↔ CO2 + * (6) CO2* ↔ CO2 + * 
(7) 2H* ↔ H2 + 2* (7) 2H* ↔ H2 + 2* 
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rds CO order H2O order CO2 order H2 order 
(3) 0 1 0 0 
(4) 0 1 0 -0,5 
(5) 1 1 0 -1 
(4') 1 1 0 -0,5 
(5') 1 1 0 -0,5 
Table 9: Theoretical reaction orders 
rds CO order H2O order CO2 order H2 order 
(α) 0 1 0 -0.5 
(β) 1 0 0 0.5 
(γ) 1 1 0 -0.5 
(δ) 1 1 0 -0.5 
(α’) 1 0 0 0.5 
(β’) 1 1 0 0 
(γ’) 1 1 0 0 
Table 10: Theoretical reaction orders for the mechanisms involving COH 
II.6.Methanation 
The mechanism is divided into two possible pathways containing either the direct dissociation of CO 
or the H-assisted dissociation, as proposed by Iglesia et al. [51]. 
II.6.1.Unassisted CO dissociation 
(1) H2 + 2* ↔ H2* 
(2) CO + * ↔ CO* 
(3) CO* + * ↔ C* + O* 
(4) C* + H* ↔ CH* + * 
(5) CO* + O* ↔ CO2 + 2* 
(10) CH* + H* ↔ CH2* + * 
(11) CH2* + H* ↔ CH3* + * 
(12) CH3* + H* ↔ CH4 + 2* 
 
The reaction rate can be calculated assuming a rate determining step: 
rds Rate 
(10)          
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II.6.2.H-assisted CO dissociation 
(1) CO + * ↔ CO* 
(2) H2 + 2* ↔ H2* 
(6) CO* + H* ↔ HCO* + * 
(7) HCO* + H* ↔ HCOH* + * 
(8) HCOH* + * ↔ CH* + OH* 
(9) OH* + H*↔ H2O* + * 
(10) CH* + H* ↔ CH2* + * 
(11) CH2* + H* ↔ CH3* + * 
(12) CH3* + H* ↔ CH4 + 2* 
 
The reaction rate can be calculated assuming a rate determining step: 
rds Rate 
(10) 
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Except for (7) and (8), the reaction rates can be differentiated by the effect of the partial pressures of 
the species. 
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III.Experimental 
III.1.Description of the setup 
A diagram of the setup is shown in Figure 15. The reaction was run in a tubular packed bed reactor. 
 
Figure 15: Schematic diagram of the setup 
Three tubular packed-bed reactors have been used: steel (9mm ID, mm length), quartz (16mm ID, 
mm length), quartz (8mm ID, mm length). Only the last one was used for kinetic studies due to gas 
phase reaction into the others, as seen on Table 11. 
 
T CO H2O H2 He total flow Xeq X 
  °C % % % % (mL/min) % % 
Steel reactor 500 6,1 50,9 0,0 43,0 244 97,4 5,5 
Quartz reactor (16mm ID) 500 7,9 39,5 0,0 52,6 190 95,4 6,7 
Quartz reactor (8mm ID) 
400 5,0 15,0 2,5 77,5 400 94,4 0,07 
400 8,0 24,0 4,0 64,0 250 94,4 0,08 
450 5,0 15,0 2,5 77,5 400 91,6 0,10 
450 8,0 24,0 4,0 64,0 250 91,6 0,01 
500 5,0 15,0 2,5 77,5 400 88,3 0,11 
500 8,0 24,0 4,0 64,0 250 88,3 0,06 
Table 11: Blank tests 
The thermal mass flow controllers (EL-flow, Bronkhorst High-Tech) have been calibrated using a soap 
bubble flow meter. The steam is supplied by a pump (Model 501 solvent delivery system, Analytical 
Scientific Instruments, inc) followed by an evaporator. The other gases come from bottles (Yara 
Praxair). 
 
CO H2 CO2 
Minimum flowrate 6 mL/min 5 mL/min 2 mL/min 
Table 12: Minimum flowrate for the gases 
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The products were analyzed by a gas chromatography (Agilent 3000 microGC) at the output of the 
reactor. The calibration has been made with gases with a known amount of the reactants and the 
products. To avoid small particles and water to go to the GC, a filter and a cold trap have been placed 
before it. 
III.2.Catalyst samples 
All the catalysts were prepared by co-precipitation. They were characterized by BET and by 
chemisorption. 
  
BET surface area 
(m2/gcat) 
dispersion 
(%) 
Ni surface area 
(m2/gcat) 
Ni partical size 
(nm) 
40%Ni 153 10.8 28 9 
Table 13: Characteristic of the catalyst 
The metal nitrates were diluted in an aqueous solution. A sodium solution was slowly added (about 
3mL/min) and then the solution was placed in an oil bath for 16h at 80°C. The solid was filtered and 
dried either in an oven or by spray drying. Finally the samples were calcined at 600°C for 7 hours. 
Before use, the catalyst was crushed and sieved to the desired particle size and was reduced 
overnight in the reactor under 25% of hydrogen with helium at 600°C. 
III.3.Procedures 
A small amount of catalyst (around 5mg) was placed in the reactor. The syngas composition was 
chosen after running some tests in order to reach a conversion between 5% and 25%. The ratio 
   
  
 
must be superior or equal to 3 in order to minimize the carbon deposition and the methanation. 
During the measurements, methanation was observed. To take it into account, both the conversion 
of CO into CO2 and into methane have been calculated by the following expressions: 
      
                     
               
;               
                     
               
. 
The reactions are: 
              
                
Here are the equations used to calculate the conversions: 
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   represents the flowrate of the component i in the inlet 
    
    represents the total dry flowrate 
  
    represents the fraction of the component i in the dry outlet 
The reaction rate is, for an integral reactor:   
     
  
 
   
  
, with W the weight of the catalyst. By working 
at low conversion of CO (>25%), the reaction rate is reduced to:   
   
    
 
. 
The outlet of the reactor must not be at thermodynamic equilibrium. This was confirmed by 
calculating   
       
        
. It must be under 0.2. 
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IV.Results and discussion 
IV.1.Diffusion testing 
In order to have correct results, there must be no mass and heat transport limitations. The diffusion 
problems are internal and external. The qualitative evolution of the concentration and the 
temperature is shown on Figure 16: 
 
Figure 16: internal and external gradients of concentration and temperature 
The diffusion depends on the flowrate, the size and the shape of the particles. 
IV.1.1.Internal diffusion 
The internal transfer was studied by using four different size distributions 
(500µm<d1<250µm<d2<150µm<d3<75µm<d4) under the same conditions. The curve CO conversion vs 
particle size is shown on Figure 17. 
 
Figure 17: Evolution of the CO conversion with respect to the mean particle size 
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It means that there are no internal diffusion limitations for particle size under 110µm. The 
150µm<d<75µm size distribution was then used, but results with the 500µm<d<250µm are also 
available. 
IV.1.2.External diffusion 
The external diffusion has been investigated by working at constant space velocity with three 
different flowrates and weights with the 150µm<d<75µm. 
 
Figure 18: CO conversion with three different loads at constant space velocity (450°C, 0.5bars, 
SV=6.5m3.g-1cat.h
-1, 15.4%CO, 46.2%H2O, 11.9%H2, 7%CO2, 19.6%He) 
Figure 18 shows that for low flowrates the external diffusion limitations can be neglected. For high 
flowrate it appeared that the conversion was much lower. It may indicate that the thermal diffusion 
into the catalyst is not effective due to the high flowrate of the gases. In that case the catalyst 
surface is at a lower temperature, leading to a lower conversion. 
IV.2.Methanation 
Ni is a good catalyst for methanation [36].Therefore a significant fraction of CO and of hydrogen was 
transformed into methane, decreasing the hydrogen production. The methanation was hardly 
reduced with the 30%Ni10%Co catalyst, as seen on Figure 19. 
5
15
25
35
45
55
65
75
00:00 07:12 14:24 21:36 28:48 36:00
C
O
 c
o
n
ve
rs
io
n
 (
%
)
time (mm:ss)
W=4.8mg, Ftot=520mL/min
W=6.6mg, Ftot=715mL/min
W=10mg, Ftot=1083mL/min
32 
 
 
Figure 19: Comparison of two catalysts with regards to methanation (450°C, 0.5bars, SV=6.5m3.g-
1
cat.h
-1, 9.6%CO, 38.5%H2O, 17.3%H2, 15.4%CO2, 19.2%He) 
Consequently the hydrogen production is improved with the addition of cobalt in the nickel based 
catalyst. 
IV.3.Kinetics of the WGS 
All the experiments for kinetic data have been made at low conversion (<25%) and each point 
corresponds to several readings after the concentrations were stable. The equilibrium approach β 
was found at most equal to 0.2, and the reaction rate was corrected by its value. 
IV.3.1.Reaction orders 
The reaction orders of hydrogen and carbon monoxide were analyzed for one composition of the 
catalyst, 40% Ni, in order to identify the most probable mechanism for the water gas shift reaction at 
high temperature. 
 
Figure 20: H2 reaction order (450°C, 0.5bars, SV=6.5m
3.g-1cat.h
-1, 9.6%CO, 38.5%H2O, 17.3-21.2%H2, 
15.4%CO2, 15.4-19.2%He) 
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Figure 21: CO reaction order (450°C, 0.5bars, SV=6.5m3.g-1cat.h
-1, 9.6-15.4%CO, 38.5%H2O, 17.3%H2, 
15.4%CO2, 13.5-19.2%He) 
The reaction orders of hydrogen and carbon monoxide match with only one possible reaction rate: 
   
  
    
          
       
                
    
  
  
   
  
         
    
   
        
    
    
  
 
 
It corresponds to the redox mechanism with the CO2 formation (step 5) as the rate determining step: 
(1) CO + * ↔ CO* 
(2) H2O + * ↔ H2O* 
(3) H2O* + * ↔ OH* + H* 
(4) OH* + * ↔ O* + H* 
(5) CO* + O* ↔ CO2* + * 
(6) CO2* ↔ CO2 + * 
(7) 2H* ↔ H2 + 2* 
 
The expression found by Xu and Froment [38] is similar at low pressure:  
   
          
     
       
        
 
                              
    
   
 
 
IV.3.2.Activation energy 
In order to have the activation energy, measurements were made at different temperature and 
ln(rate) was plot with regards to 1/T. The results are shown on Figure 22: 
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Figure 22: Arrhenius plot (400-475°C, 0.5bars, SV=6.5m3.g-1cat.h
-1, 9.6%CO, 38.5%H2O, 17.3%H2, 
15.4%CO2, 19.2%He) 
This result is similar to the value found by Xu and Froment over nickel [38], 67.13kJ/mol. 
IV.3.2.Kinetics under diffusion control 
Under diffusion control, the apparent orders and activation energy are different from the actual 
values under kinetic control. Table 14 summarizes the theoretical effects of internal and external 
diffusion on these parameters: 
Controlling regime 
apparent 
order 
apparent activation energy 
kinetic n E 
external diffusion 1 0 
internal diffusion (n+1)/2 E/2 
Table 14: Apparent orders and activation energy under diffusion control 
The following figure shows data under internal diffusion only, which means with a bigger particle size 
(500µm<d<250µm). 
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Figure 23: activation energy under internal diffusion control (400-500°C, 0.5bars, SV=6.5m3.g-1cat.h
-1, 
15.2%CO, 45.5%H2O, 11.7%H2, 6.9%CO2, 20.7%He) 
The apparent activation energy found under internal diffusion control is approximately the half of 
the activation energy found under kinetic control. 
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Conclusion 
The water gas shift reaction has been studied at high temperature over a nickel catalyst in order to 
determine its kinetic parameters. The activation energy found in this study is in good agreement with 
previous studies, and the expression of the rate is similar too. The water gas shift reaction is 
following the redox mechanism at high temperature over nickel. During this study, it appeared that 
gas phase reaction and diffusion limitations were barriers to a good kinetic study. Furthermore the 
addition of cobalt in the nickel catalyst showed a better selectivity for the water gas shift reaction 
compared to the methanation which occurs in a relatively big amount on a nickel catalyst. To 
complete this work a more comprehensive study of the water gas shift reaction over different nickel-
cobalt catalysts could be done. 
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Nomenclature 
ΔH : enthalpy (J/mol) 
K: equilibrium constant of the water gas shift reaction 
T: temperature (K) 
Ea: activation energy (J/mol) 
Pi: partial pressure of component i 
R: perfect gas constant 
ki: rate constant of step i 
Ki: equilibrium constant of step i 
ri: rate of reaction i (mol/kg/s) 
Xwgs: conversion of CO into CO2 
Xmeth: conversion of CO into CH4 
F: molar flow (mol/s) 
W: weight of the catalyst (kg) 
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Appendix 3: Health, safety and environment 
Some gases used in this set-up have to be manipulated with precaution: 
 Carbon monoxide is highly toxic for humans, is colorless and odorless. A CO detector is in the 
room close to the set-up, and portable devices are available to detect any leakage of carbon 
monoxide. 
 Hydrogen is highly explosive in air. Its presence can be detected by the portable devices to 
avoid any leakage. 
 Carbon dioxide is toxic too. 
To avoid releasing the gases in the room, the outlet of the reactor and the gas chromatography are 
connected to the ventilation. 
